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Abstract: In this paper, a systematic performance assessment of thsuneenent system
for surface flow analysis developed by our group in (Taurd.eBansors, 2010) is presented.
The system is based on the detection of buoyant fluorescecrospiheres through a
low-cost apparatus, which incorporates light sources itot éluorescence response and a
digital camera to identify the particles’ transit. Expeeints are conducted using green
fluorescent particles and further tests are executed ta&eathe system performance for
red and orange particles varying in emission wavelengtgregeof biocompatibility, and
cost. The influence of the following parameters on surfacs fensing using fluorescent
beads is investigated: (i) distance of the light sourcesftibe water surface, (ii) presence
of an ad-hoc filter tuned at the particle emission wavelen@ii) camera resolution and
frame rate, (iv) flow regime, and (v) ambient light. Experitad results are used to inform
implementation guidelines for surface flow analysis in ratanvironments.

Keywords: fluorescent particles; hydrologic tracers; sensors tdognes; surface flow;
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1. Introduction

Performing accurate and reliable experimental obsemstis a major challenge in modern
hydrology [1,2]. Empirical observations are required to aid the undedstegnof natural phenomena,
validate existing models, and characterize—possibly ceduuncertainties34]. In this context,
considerable efforts should be devoted to the design andla@@went of novel instrumentation as
suggested by the International Association of Hydroldg®eences (IAHS) in the “New Scientific
Decade 2013-2022” scientific questios-16]. For instance, the relevance of surface processes for
landscape’s evolutionl[/-20], nutrients’ diffusion R1], and human provisionZ2] has fostered the
development of portable optical technologies based orpatecognition 23-26], reflectivity sensors
for buoyant sediment[], and versatile water tracing systenZ8P9]. Nonetheless, current surface
flow measurement technologies are affected by a number wirfathat pose severe challenges in their
practical implementatior30]. Specifically, the accuracy of optical methods can be kahiby ambient
illumination, light reflections at the water surface, prese of sediments, varying flow regimes, and
image distortions due to camera inclination. On the othadhtaaditional tracing measurements can be
hampered by the need of deploying bulky sensors, signifaarttunt of required tracing material, and
presence of operators for physical sampli8@H33].

In this framework, a novel tracing methodology based on g@ament and observation of enhanced
fluorescence patrticles is introduced B¥[35]. This approach seeks to provide accurate estimates of
surface flow velocities and travel times by minimizing thecamt of tracing material to be released
and the complexity of the particle detection equipment.cBjpally, such novel tracers are constituted
of insoluble and buoyant fluorescent particles of varyirenkter, selected based on the specific flow
regime. Particles’ fluorescence allows for their detectiorough inexpensive equipment, such as
off-the-shelf cameras. Moreover, common illuminationrees can be used for eliciting the fluorescent
response given the particles’ buoyancy. The feasibilitysifg off-the-shelf green fluorescent particles is
thoroughly elucidated ird4-37] by conducting laboratory trials in a miniature water chalnm a natural
mountainous stream in the Italian Alps, and in a semi-natulialope. Notably, a fast particle tracker
is designed in36] and a low-cost lightweight sensing station, hosting theeckoon and illumination
instruments, is developed i8%,37] for rapid deployment in field studies. These studies deltnatesthe
applicability of such methodology in the presence of ephahmaicro-channels, fully developed stream
flows, water surface reflections, turbid water, and direalight or dim light settings. Yet, a critical
analysis of the system performance as the particle emisgwelength is varied along with the testing
conditions of the sensing station is lacking.

In this paper, systematic experiments are executed witengfleorescent particles to assess the
performance of the tracing system. In addition, ad-hocstest conducted with red-emitting
off-the-shelf polyethylene particles and a new class ohgeafluorescent particles, formulated to be
environmentally-friendly and biodegradablgg], to explore the effects of alternative fluorophores.
Experiments are executed by deploying few grams of pasticl@ custom-built water channel placed in
an outdoor environment and by recording the transit of tteglbehrough the sensing station developed
in [39]. Specifically, beads’ fluorescence is elicited through owrcially available light sources and a
miniature digital camera is operated to record the padictansit. As compared wit8p], the sensing
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station is enhanced to reduce the effect of camera distsraod light reflections at the water surface.
Such improvements allow for obtaining higher performandsglevreducing apparatus’ costs. The
influence of the following parameters on the system perfogeaas investigated: (i) distance of the light
source from the water surface, (ii) presence of a filter aspeific range of emission of the patrticles,
(i) camera resolution and frame rate, (iv) regime of theestigated flows, and (v) ambient light.
Experimental results garnered in this study provide vdriaiformation on the system performance
as several key parameters are systematically varied, tfioisriing implementation guidelines for field
studies.

The rest of the paper is organized as follows. In SecBpthe sensing station and the fluorescent
particles used for the experiments are presented. In Se&taescriptions of the experimental setup and
protocol are provided. In Sectiods experimental results are reported and discussed. Caoictuare
summarized in Sectiof

2. Materials and Methods

2.1. Experimental Set Up and Sensing System

The experimental set up is composed of amdong and 22cm wide reclinable polyvinyl chloride
water channel placed outdoor and a portable sensing staenFigurel. The water channel cross
section is concave and its bed is covered with a mixture dfesml bitumen to create a naturally rough
surface. Water is injected into the channel through a hodaamlve is used to regulate flow discharge.

Figure 1. Schematic of the instrumented water channel for surfacerfieasurements.
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The sensing station is constituted of a 4thx 100 cm wooden plate resting on adjustable steel
tripods. The tripods allow for raising and lowering the plat variable distances from the water surface
from a few centimeters up to 7@n. The bottom side of the plate hosts the light unit whose vength
range is selected to excite the fluorescence of the speciticlparacer. In particular, an array of 14
Ultra Violet (UV) lights in parallel and series connecti@used for experiments with green-fluorescent
particles and an inexpensive & strip of LEDs is mounted in series connection below the plate



Sensor012 12 15830

experiments with both red- and orange-fluorescent beadsigcin dim light conditions (direct sunlight
is used otherwise). A vertical telescopic system of alummrnars is connected to the apparatus to hold
a calibrating ruler.

Differently from [35,37], a miniature water proof Bullet HD 1080p camera is placethencenter of
the plate where a circular 2.6m aperture is created, see Figure This camera offers performance
comparable with much bulkier and more costly devices. Fuyrtlsuch configuration allows for
minimizing distortions from the inclination of the camerawrespect to the region of interest in the
captured videos. For instance, Fig@@) depicts the water channel monitored by the sensingostati
where the camera is placed in the center of the plate. A metl&r indicates that the image is not
severely distorted. On the other hand, Fig2(fe) is recorded with the camera placed offset by the center
of the light unit. As emphasized by the metric ruler and thenghted shape of the green-fluorescent
particle in the foreground of the picture, the image woulgliiee a preliminary orthorectification phase
to eliminate distortions and allow for quantitative an&ys

Figure 2. (a) Left, image captured with the modified sensing statibhyight, picture taken
with the camera offset by the light unit center. The whitgsek in the foreground indicates
a deformed green-fluorescent particle.

(@) (b)

2.2. Particle Tracers

In this paper, the performance of the novel measuremenersyss assessed by conducting
experiments with three classes of fluorescent particles.

Specifically, off-the-shelf 710-1,18@m yellow-green fluorescent spheres are purchased from
Cospheric LLC B9], Figure 3(a). Their cost is 0.8 /g for 1 kg batches. The beads are white under
daylight and emit yellow-green light (56iim wavelength) if excited by a UV light source (3G&m
wavelength). Particles are fabricated by embedding thedplwre into a polyethylene matrix. Whereas
this allows for a lasting and intense luminescence, theayepent of massive quantities of polyethylene
can be harmful to the environment. The particles are sigbtloyant, their nominal dry density is
0.98 ¢/cm?®, and spherical, thus allowing for enhanced flow tracing quenfince 36]. A thorough
characterization of the visibility of the particles in labtory controlled conditions, that is, in dark
environments and static turbid water, is documente@4h [
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Red-fluorescent beads are also purchased from CosphericEigGre3(b). Their cost i99.9$/¢.
Such particles are available in smaller sizes, that is, 260+m and their nominal dry density is
0.995 g/cm?. They are spherical in shape and present a high emissiongteg5 nm if excited by
white light, that is, by a light source emitting from 460 to06bm. Such broad excitation range allows
for adopting inexpensive and versatile white LEDs as lighirse in the sensing apparatus. The beads’
polyethylene matrix is infused with the fluorophore, thusigunteeing color-stability.

Another class of orange-fluorescent particles is consitfereexperiments with the sensing apparatus,
Figure 3(c). Differently from the other tracers, such particles mrdouse fabricated from nontoxic
Fluorescent FWT Red Dye Concentrate, Cole Pafmand natural white beeswax pellets purchased
from Stakich Inc., Ml B8]. The beads are environmentally friendly and their eximtatind emission
spectra are displayed in Figudeas obtained by analyzing ai2l. sample of melted particles with PTI
Quanta Master 40 spectrofluorometer. The particles areupsatiby melting the beeswax &i°—65° C
and then mixing it with a 6< 102 ug/L diluted solution of the fluorophore. The homogeneous ernilsi
of beeswax and fluorophore is then instantaneously cooleah dy adding water at 3C. This phase
leads to the formation of wax drops of variable diameters idyaidly solidify and migrate to the water
surface of the suspension. Beads of 250—420in diameter are obtained through filtering and sieving
the material. The particles are neutrally buoyant and spden shape and their cost is only 0.033g.

Figure 3. (a) Left, view of the green particles under daylight and rigimder UV light
(365 nm); (b) left, view of the red particles under daylight and rightden UV excitation;
and ) left, view of the orange particles under daylight and rjgimtder UV light.

(a) (b)
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Figure 4. Emission, Em., and excitation, Ex., spectra for the in-kodgveloped
orange-fluorescent particles.
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2.3. Data Processing

Image analysis tools developed iB4] are used to identify the transit of the particles in the wate
channel. Specifically, videos of the particles are condaxddRGB frames and the green and red channels
for the green and red- and orange-fluorescent particlgsecésely, are analyzed by using the ind€x
defined by B5), that is,

>
@ = ZGJZ’ o J ={ie{0,1,...,255} : n; > 0}, (1)

€S

with n; = n?’ — nb. Here,n? andn? refer to the pixel count for the background and particle ietag
respectively. The terrg* represents the intensity classes fromo 255 where the powed is introduced

to emphasize brighter pixels that are likely to correspanthé fluorescent beads. Specifically, the value
of the power is selected by performing preliminary analyghere« is varied from a low value of 2 to
15. Itis found that high values are necessary to emphasizpréfsence of a meagre number of highly
fluorescent particles, whereas lowewalues are appropriate in case of numerous particles egéii
lower intensities. Background images are obtained fronotiggnal ones by either applying a bottom-hat
transformation40,41] or by starting videos before particle deployment and thedecting initial frames.
The introduced indes is computed on the cropped images where the only water suidacaptured.
This procedure allows for identifying the brightest franeggences in recorded videos, thus detecting

the beads’ transits.

3. Experimental Procedure

Experiments are executed by deploying batches of appraglynag of fluorescent particles in the
water channel. Surface flow velocity in the channel is firgtegimentally measured by deploying corks
and other similar lightweight objects on the water surfaoe then evaluating the time they take to flow
through the channel with a chronometer. The sensing apsaigplaced across the channel with the
light unit and camera parallel to the water surface, seeréihu
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Experiments are conducted to investigate the variatiomefslystem performance to the following
factors: distance of light unit and camera from the watefas@;, resolution and frame acquisition rate
of the camera, flow velocity, outdoor illumination conditgy and presence of an optical filter to isolate
particle emission wavelength. Specifically, tests areqgoeréd with the green-fluorescent particles by
adjusting the distance of the plate from the water surfa¢eto 15, 40, or 70cm in a decreasing
level of illumination. For each distance, the resolutiortteé Bullet camera is set to Full HD, that is,
1,920 x 1,080 pixels with acquisition frequency to 3dps or to WVGA, that is, 848x 480 pixels
with acquisition frequency to 6@ps. Further, the surface flow velocity is set @d, 1, or 2m/s in
an increasing level of severity of the particle detectioracl set of experiments is performed both
in the morning and in the afternoon, (labeled “Morning” adtérnoon”, respectively, in Sectio).
Moreover, experiments are performed with or without a B&8optical filter before the camera lens. Its
cost is approximately $56. Two additional experiments aeceted at night, which is expected to be
the best illumination condition for the maximal contrasflabrescent particles against the background
(labeled “Night” in Sectior¥). These conditions address the most challenging expetinag¢the higher
distances of the sensing station from the water surface landbstest velocity. Full HD resolution is
used in these tests and filters are not employed.

A total of 74 experiments are performed with the green-flsceat particles to provide a thorough
characterization of the methodology. Experimental cood# in which green particles are not detected
are executed with the red- and orange-fluorescent part@lesmpare tracers’ performance and provide
guidelines for experiments in adverse outdoor conditiam$ @matural settings. Specifically, tests are
conducted at distances of the light unit equal to 40 andmOabove the water surface, for the highest
velocity of 2 m/s, without filter, Full HD and WVGA resolutions, and direct sigit conditions. Also,
two experiments are performed at night settidig= 70 cm, v = 2 m/s, and Full HD resolution and
without filter.

4. Results and Discussion

4.1. Green-Fluorescent Particles

Findings from experiments conducted with the green-flumeesbeads are reported in Taklevhere
letter “Y” indicates successful experiments and letter ‘thotes failed tests. Specifically, experiments
are considered successful if the time series of the idgxesents a clearly identifiable peak and such
peak depicts the transit of the particles in the field of vieanf visual inspection. For reference,
Figure 5(a) shows a successful experiment conducted in the moraing, = 15 cm, v = 2 m/s,
WVGA resolution, and without filter; whereas Figubéb) displays a failed experiment under more
severe conditions, that is, recorded during the morning@/ &40 cm, v = 2 m/s, WVGA resolution,
and without filter. Specifically, intensity values in Figuséh) are generally lower than intensities in
Figure5(a) and observed peaks do not correspond to the transit pftttieles in the region of interest.
As reported in Figur®(c), frames 334, 345, and 356 correspond to the entranceathgt, and the exit
of the cloud of fluorescent particles underneath the camespectively. As expected, frame 345 depicts
the maximum presence of beads in the captured field of view.



Sensor012 12 15834

Table 1. Summary of the green-fluorescent particle experiments.

H=15cm H =40cm H =T70cm
Morning Afternoon Morning Afternoon Night Morning Afternoon Night
FullHD | WVGA | FullHD | WVGA | FullHD | WVGA | FullHD | WVGA | FullHD | Full HD | WVGA | FullHD | WVGA | Full HD

b= 05m/s Filtér Y Y Y Y Y Y Y Y Y Y Y Y

No Filter Y Y Y Y Y Y Y Y Y Y Y Y
o= 1m/s Filter Y Y Y Y N N Y Y N N Y Y

No Filter Y Y Y Y N N Y Y N N Y Y
o= 2m/s Filter Y Y Y Y N N Y Y N N Y Y

No Filter Y Y Y Y N N Y Y Y N N Y Y N

Figure 5. (a) Time series of the inde% for a successful experimenth)(time series of
the index¥ for a failed experiment; andt) frames depicting the entrance, transit, and exit,
respectively, of the particles in the region of interesttfor successful experiment in (a).
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Labels in Tablel report the settings at which each experiment is conducteecifically, tests are
conducted for three values &f andv, in Morning and Afternoon illumination conditions, by vamg
camera resolution from Full HD to WVGA, and by using a 568 optical filter or the sole Bullet
camera. All experimental tests are successful flor= 15 cm under both Morning and Afternoon
illumination conditions and at/ = 40 cm and H = 70 cm for Afternoon light settings. On the other
hand, tests performed in Morning settinggfat= 40 cmandH =70 cm forv =1 m/sandv =2 m/s do
not lead to the detection of the particles. The experimeMight settings ford = 40 cm is successful
while increasingHd further hampers particles’ detection.
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The results of this study indicate that outdoor illuminatie a crucial parameter for the visibility
of green-fluorescent particles. Specifically, bright ilination of Morning settings tend to increase
reflections at the water surface, thus resulting in noisraetseries for4. The effect of intense
sunlight also abates the low power UV light excitation, ahdréfore the beads appear whiter and
harder to distinguish against the background. This findsngyvident for the higher water speeds, where
experiments executed in Morning settings do not yield ss&fcé results. On the other hand, the effect
of the filter is marginal for particle detection. As docunezhin Tablel, the presence of the filter does
not improve the visibility of the beads under varying liglbinditions. Therefore, the use of a filter can
likely be avoided to enhance the portability of the statiod eeduce its cost.

Failure of the Night experiment conducted by settfig= 70 cm, v = 2 m/s, Full HD resolution,
and without filter is likely due to the diffused UV light thateates a uniform nuance in the pictures
and decreases the contrast of foreground objects agam$taitkground. Figuré compares pictures
acquired for similar settings, that i& = 70 cm, v = 2 m/s, Full HD resolution, and without filter, but
different illumination conditions. It is observed that fin@me captured in Afternoon conditions, Figére
left, presents higher contrast with respect to the frameliaed at night, Figuré right, where the UV
lights tend to create a uniform blue-violet background.

Figure 6. Left, picture of the visibility test conducted in the afteom at H =
70 cm, v = 2m/s, Full HD resolution, and without filter. Right, picture ofetvisibility
test conducted at night & = 70 cm, v = 2m/s, Full HD resolution, and without filter.

4.2. Red- and Orange-Fluorescent Particles

Results for experiments conducted on the green-fluoresparticles highlight the following
drawbacks: the particles are not clearly detectable in Mgrlight conditions ford equal or greater
than40 cm andv equal or greater than ih /s with both Full HD and WVGA camera resolutions and the
beads are not visible &f = 70 ¢cm andv = 2 m/s for Night light conditions due to low contrast in
the pictures. Experiments under such adverse conditi@neplicated with red- and orange-fluorescent
particles to test the performance of alternative fluoropboSpecifically, experiments are executed for
the fastest flow velocity o2 m/s and for the higher distances of the camera and light units filee
water surface, that ig0 and 70cm, see Tabl&. Tests conducted in Morning conditions are performed
under direct sunlight to increase the complexity of thestegtdditional experiments are conducted at
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night consistently with the failed test in Tablewith the green particles. Optical filters are not used
throughout the entire set of experiments with the red- ameh@e-fluorescent particles as their use is
found to be marginally relevant in experiments on green $ead

The red-fluorescent beads demonstrate improved perfoeriarseverely illuminated conditions as
compared with the green particles, see Tabl particular, experimental results indicate that péetc
can be detected far=2 m/s and H = 40 and 70cm even under direct sunlight (Morning illumination
conditions without external lamps) provided that a Full Hidnera is used. The need for using Full HD
camera is likely due to the small size of the particles, 280-3m, which limits the implementation of
a WVGA camera. The visibility of such small particles is apsoticularly challenging due to the effect
of high reflections from the direct sunlight illuminationratitions.

Table 2. Summary of the red- and orange-fluorescent particle exmetisn

H =40cm H =70cm
Morning Morning Night
FullHD | WVGA | FullHD | WVGA | FullHD
Red |v=2m/s | No Filter Y N Y N Y
Orange| v = 2m/s | No Filter Y N N N Y

Such promising finding suggests that the use of red-fluonédoeads may lead to simpler and
less expensive sensing stations for particle detectioromptex and remote environments. Possibly,
inexpensive strip-LEDs could be used as fluorescence éwrcitaource in the absence of external
illumination as demonstrated by the successful test aetiavnight and? = 70 cm.

As displayed in Table, good results are also obtained with the orange-fluorequamicles. In
particular, the beads can be detected in Morning conditivithout external lampsy = 2 m/s,

H = 40 cm, and Full HD camera resolution and evenfat= 70 cm at night. Consistently with
experiments on red particles, Full HD resolution tends tdéeeficial given the minimal size of the
beads, that is, 250-420Gm. On the other hand, the fluorescence of the particles is qea@ble under
direct sunlight for the highest distance and with Full HD eaanresolution. This can be attributed to the
fact that the intensity of the emission is weaker than thed@scence obtained with the red beads.

4.3. Remarks

A comprehensive summary of findings garnered from the empaarial analysis is presented in TaBle
for Morning and Night illumination conditions.

Under direct sunlight, the red-fluorescent particles diigh performance at relevant distances of the
light and video units from the water surface, whereas thergbeads are not visible beyond 2@ from
the camera. Notably, the former particles do not requiressatgrnal lamp to elicit fluorescence. Further,
the presence of the filter is not beneficial under Morning arght\conditions and, therefore, filters can
be dispensed with in the sensing station. On the other hamler@ resolution is required to be high
for both settings and for each class of particles. While tednof high resolution can be attributed to
the minimal size of the red and orange particles, such getté@monstrates the lower performance of
the green-fluorescent beads. In addition, green partielesat be detected in case of high flow velocity
and severe light conditions. Each class of particles ptederproved visibility in Night conditions,
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when the effect of reflections at the water surface is redutkdrefore, findings in Tabl@ demonstrate
that the red beads tend to be the most versatile and effefctiveurface flow tracing. Nonetheless,
orange-fluorescent beads can be deemed as valid altesmféow monitoring due to their promising
performance, low cost, and environmental compatibility.

Table 3. Summary of the optimal testing conditions for the sensiagiat under varying
light settings.

Morning Night

H =15cm | H marginal
No filter No filter
Full HD Full HD

Slow flows | v marginal

Green beads

H marginal| H marginal
No filter No filter
Full HD Full HD

v marginal | v marginal

Red beads

H =40cm | H marginal
No filter No filter
Full HD Full HD

v marginal | v marginal

Orange beads

5. Conclusions

In this paper, systematic experiments are conducted wekrgfluorescent particles to determine
the performance of the sensing system develope@%87] for surface flow measurements in natural
environments. Tests are also executed to explore the efiéelternative particle emission wavelengths
on the tracing system efficiency. Further, the sensingostatsed in previous prototypes is technically
improved to enhance the portability, reduce the costs, atigate detrimental effects due to external
illumination conditions.

Experimental findings demonstrate that red-fluorescenttheffshelf particles have superior
performance under multiple conditions. Differently fromegn-fluorescent particles, red beads are
clearly visible under direct sunlight at relevant distax¢éem the camera and fast flow velocities.
Similar results are obtained using environmentally frignrticles that emit in the orange spectrum. In
particular, red and orange fluorophores demonstrate eatigpeformance due to their broad excitation
spectra, whereas they are minimally affected by environaieonnditions such as low water temperature
and presence of sediments. Successful experiments araateddor distances of the camera and light
units from the water surface of up to 4o and flows of 2m/s. It is expected that adjusting the camera
acquisition frame rate would allow for experimenting witlora severe flow rates, such as mountainous
stream velocities. On the other hand, the intensity of trelEmissions is not sufficient for detecting
the particles at higher distances under direct sunlight.

Future research will aim at exploring alternative nontoitimrophores for the environmentally
friendly particles to increase emission intensity underntevlight excitation. This will allow for
adopting inexpensive LEDs as fluorescence excitation soar@ossibly using sunlight radiation. The
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miniaturization of the light source will leverage the desand fabrication of affordable and lightweight
sensing stations for implementation in engineering peacti
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